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Nodal semimetals, materials systems with nodal-point or -line Fermi surfaces, are much sought after for their
novel transport and topological properties. Identification of experimental materials candidates, however, has
mainly relied on exhaustive database searches. Here we show how recent studies on the interplay between
electron filling and nonsymmorphic space-group symmetries can guide the search for nodal semimetals which
are ‘filling-enforced’. We recast the previously-derived constraints on the allowed electron fillings for band
insulators in the 230 space groups into a new form, which enables effective screening of materials candidates
based solely on their (1) space group, (2) electron count in the formula unit, and (3) multiplicity of the formula
unit. This criterion greatly reduces the computation load for discovering topological materials in a database of
previously-synthesized compounds. Of the more than 30,000 entires listed in a few selected nonsymmorphic
space groups, our filling criterion alone eliminates 96% of the entries before they are passed on for further
analysis. From this guided search, we discover a handful of candidates, including the monoclinic crystals
Ca2Pt2Ga, AgF2, and Ca2InOsO6, and the orthorhombic crystal CsHg2. Based on ab initio calculations, we
show that these materials have filling-enforced Dirac nodes near the Fermi energy. In addition, we also identify
CaPtGa as a promising filling-enforced Dirac-ring semimetal candidate.
Introduction.— Dirac and Weyl semimetals are three-
dimensional analogues of graphene, where the conduction
and valence bands touch at isolated points in the momentum
space.1–3 The energy dispersion away from these points is lin-
ear in momentum, which leads to distinct electronic properties
as compared to conventional semiconductors with quadrati-
cally dispersing bands. They exemplify the large family of
topological materials with nodal Fermi surfaces, which in 3D
can compose of either points or lines with various geome-
tries and dispersions.1–12 Nodal semimetals have intriguing
experimentally observed physical properties, including ultra-
high mobility,13 protected surface states,14 anomalous mag-
neotoresistence potentially related to the chiral anomaly,13,15
novel quantum oscillations,16 and exotic optical properties.17
Weyl semimetals require that either time-reversal (TR) T
or inversion symmetry P be absent. In contrast, 3D Dirac
semimetals may be symmetric under both T and P , and a
Dirac point is composed of a pair of Weyl nodes with oppo-
site chirality protected by additional crystal symmetries. Such
symmetry protection comes in two flavors. The first corre-
sponds to accidental degeneracies along high-symmetry lines
originating from band inversion.18 These accidental Dirac
points can be moved along the symmetry direction and anni-
hilate in pairs at time-reversal invariant momenta. The sec-
ond type of Dirac semimetals features symmetry-enforced
Dirac points that are naturally tuned near the Fermi en-
ergy by the electron filling.3 They represent the closer ana-
logue to graphene, where the Dirac points are pinned to
high-symmetry momenta, and therefore are generally well-
separated in the Brillouin zone (BZ). Compared to the acci-
dental Dirac semimetals created via band inversion, they are
expected to be generically more isotropic and possess larger
linearly-dispersing regions.
To date, there are two experimentally characterized Dirac
semimetals: Na3Bi and Cd3As2.19–22 Both belong to the ac-
cidental class, and so far no experimental candidate has been
found for the filling-enforced Dirac semimetals despite the-
oretical predictions.3,4,11 More generally, while many theo-
retical possibilities are proposed and heroic efforts are made
in their realizations, only a handful of materials systems, if
any, are experimentally identified for each variant of nodal
semimetals. Even these systems are often suboptimal in terms
of physical properties, as ideally one would like the nodal
points to have properties similar to those in graphene, which
are well separated in the BZ and have significant velocities.
An important next step, crucial for moving nodal semimet-
als towards applications, is to identify general strategies for
discovering new nodal semimetals. A possible plan of at-
tack is to perform data mining on databases of previously-
synthesized 3D materials, in which one computes and exam-
ines the ab initio band structure of every compound listed.
Given the multitude of existing materials, general principles
that can guide the quest are very valuable for such topological
materials search.
Building upon a series of recent works on how nonsym-
morphic spatial symmetries, which involve irremovable trans-
lations by fractions of the lattice constants, protect nodal
semimetals,3–8,23–29 here we demonstrate how an electron-
filling criterion, proven in Ref. [30] by some of us, can guide
the search for nodal semimetals. The criterion uses only the
symmetries and electron filling of the crystal, and applies to
all 230 space groups (SGs) with or without spin-orbit cou-
pling (SOC). Only two properties of the system are required
as input: νF , the electron count in the (chemical) formula unit
F , and Z∗, the multiplicity of F in a symmetry-adapted ‘non-
symmorphic’ unit cell. The criterion states that if both νF
and Z∗ are odd, a band insulator is forbidden. In particular,
when the SG is nonsymmorphic, the criterion forbids band in-
sulators even when the Fermi surface volume vanishes. Nodal
semimetals represent the simplest fermiology satisfying these
conditions, i.e. they have zero Fermi volume but at the same
time are not insulators, and we refer to such systems as filling-
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2enforced semimetals (feSMs).
Utilizing this general filling criterion, one can significantly
narrow down the search space using only a minimal amount
of information. Here, we report the result of the first phase
of our search within the Inorganic Crystal Structure Database
(ICSD) of experimentally-characterized compounds,31 where
we focus on relatively simple SGs that can host Dirac feSMs.
Specifically, we consider the four monoclinic, centrosymmet-
ric SGs 11, 13, 14 and 15. In addition, we also perform the
search in a particular SG, 74 (Imma), which is special as its
symmetries are compatible with a minimal Dirac feSM with
a Fermi surface comprising of only two Dirac points that are
both filling-enforced and symmetry-related.32
Together with some additional filters to screen out strongly
correlated materials, we significantly reduce the number of ab
initio density-functional theory (DFT) calculations required in
the search. From the search we discovered 13 candidates dis-
tributed among four different isostructural Dirac feSM materi-
als families, which are respectively represented by Ca2Pt2Ga,
AgF2, Ca2InOsO6, and CsHg2. As DFT calculations were
only performed on 154 materials candidates, this gives a yield
of 8%.33
Among the Dirac feSM candidates we found, the air-stable
compound Ca2Pt2Ga34 is particularly promising, as it does
not have obvious tendency toward magnetic ordering. Based
on DFT results, we find that Ca2Pt2Ga hosts four distinct
Dirac points near the Fermi energy, where two of them are
filling-enforced, and the other two are accidental and form a
symmetry-related pair. Their Dirac velocities are on the order
of 105 m/s, which are on par with those reported for Cd3As2
and Na3Bi. In addition, one of the Dirac points is filling-
enforced and well-isolated, and as expected is more isotropic
than the accidental ones in Cd3As2 and Na3Bi. Finally, mo-
tivated by the discovery of the Dirac feSM Ca2Pt2Ga, we
also study its structural and chemical cousins and found that
CaPtGa, which crystalizes in SG 62 (Pnma), is a Dirac-ring
feSM candidate.
Before we move on to present our results, we discuss the
relation between the present work and earlier studies invok-
ing related ideas. The possibility of filling-enforced Dirac
semimetals was proposed in Refs. [3] and [4], but there
the discussion was motivated from the analysis of a partic-
ular model Hamiltonian, and only hypothetical candidates
were proposed. Whether they can be experimentally synthe-
sized is still an open challenge. In contrast, Ref. [25] stud-
ied experimentally-characterized materials based on a design
principle similar to our criterion in spirit, in that it also uti-
lizes electron count and nonsymmorphic symmetries. How-
ever, the principle there does not properly account for the ef-
fect of formula-unit multiplicities, and hence can lead to ‘false
positives’. For instance, the compound Cr2B proposed in their
work is not filling-forbidden from being a band insulator. A
more recent work, Ref. [11], briefly discussed identifying po-
tential feSMs based on the criterion in Ref. [30], but there
only one Cu-based candidate is proposed. That candidate is
likely to be magnetically ordered at low temperature, and the
applicability of the non-magnetic band-structure calculation is
unclear. In contrast, magnetic ordering is considered unlikely
in Ca2Pt2Ga .
Materials search.— We will begin by discussing the filling
criterion used to guide our materials search. Consider a sto-
ichiometric compound with full crystalline order. A minimal
characterization of its structure involves three pieces of data:
(i) the chemical formula unit F , (ii) the number of times F is
repeated in the unit cell, commonly denoted by Z, and (iii) the
space group G describing the symmetries of the crystal. The
electron count in F , νF , can be readily found by summing
over the atomic numbers involved. Although this count will
include tightly-bound closed-shell electrons in F , this does
not affect the conclusion of the filling criterion.
The next step in applying the criterion is to evaluate Z∗,
which is defined as a refined notion of Z with respect to a
symmetry-adapted ‘nonsymmorphic’ unit cell. This can be ef-
ficiently achieved via the notion of ‘Wyckoff positions’WGw .
Given an SG G, points in space are grouped into Wyckoff po-
sitions, indexed by w = a,b, . . . , which can be viewed as
a tabulation of all the possible G-symmetric lattices.35 Each
Wyckoff position has a multiplicity |WGw|, defined as the min-
imum number of sites per unit cell needed for any lattice in
that Wyckoff position. Wyckoff positions are labeled in a way
such that points in |WGa | always have the highest site symme-
try, and as a result |WGw| ≥ |WGa | for any G. In fact, except
for four exceptional SGs (199, 214, 220 and 230), which we
refer to as ‘Wyckoff-mismatched’,36 the multiplicities of the
Wyckoff positions are always integer multiples of the small-
est one, i.e. they satisfy |WGw| = nw|WGa | for some positive
integer nw.
From definitions, |WGa | > 1 if and only if G is nonsym-
morphic, as the unit cell contains a point-group origin if and
only if G is symmorphic. This suggests that |WGa | encodes
the nonsymmorphic properties of G, and indeed one can show
that for most SGs the volume of the ‘nonsymmorphic unit
cell’, which enters the defination of Z∗, is 1/|WGa | of the
primitive one.26,30 More precisely, the filling criterion can be
tersely summarized as follows: A crystal, symmetric under
time-reversal (TR) and a space group G 6=199, 214, 220 or
230,37 is forbidden from being a band insulator if
both νF andZ∗ = Z/|WGa | are odd. (1)
While the filling criterion alone filters out all band insu-
lators from the search (alongside with metals or even nodal
semimetals that are not filling-enforced), we apply additional
filters before performing the band-structure calculations to
improve the search efficiency. First, as the filling criterion is
only applicable to weakly-correlated materials with TR sym-
metry, we remove materials in the list containing the magnetic
atoms Mn, Fe, Co and Ni, or those containing elements with
atomic numbers in the ranges 58-69 and 91-118, which con-
tain valence f-shell electrons. In addition, to reduce the com-
putation load we impose an ad hoc cutoff and keep only mate-
rials with νF ≤ 300. Finally, we note that the filters discussed
thus far only utilize the minimal set of data (F,Z,G), and as
a consequence the list will generally contain materials that do
not process perfect crystalline order (i.e. the atoms are not per-
fectly ordered in space despite they enter F in integral ratios).
Therefore, in practice one has to further check the structural
3data and screen out such compounds before performing DFT
calculations.
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FIG. 1. Guided search for filling-enforced semimetals using
the electron filling criterion. Entires in the materials databases,
which correspond to previously-synthesized compounds, are passed
through three filters to identify materials candidate for density func-
tional theory (DFT) calculations. The first two stages use only a
minimal set of structural data characterizing the materials, and there-
fore large scale screening is possible. We consider materials data be-
longing to five particular space groups in the ICSD. The table shows
the number of entries retained after each stage, The first filter, cor-
responding to the filling condition (1), filters out all band insulators
from the search and by itself reduces the materials search space to
≤ 10% of the original. Note that the number of candidates (last row)
will depend on the standard one imposes on the quality of the candi-
date, say the proximity of the nodes to the native chemical potential,
and here we simply quote the number of candidates we discuss in
this work.
The performance of the search protocol is summarized in
Fig. 1. Among the five SGs we studied, the filling crite-
rion alone reduces the number of candidates to ≤ 10% of
the entries listed on ICSD. The additional filters and crys-
talline order check together reduce the number to roughly
1%. DFT calculations are then performed on these candi-
dates. While these systems typically exhibit nodal features
near the Fermi energy, the majority of them are still plagued
by a large density of states coming from multiple electron
and hole pockets, or have negligible SOC and consequen-
tially shows symmetry-enforced band sticking around the pu-
tative Dirac points. Nonetheless, from the search we identify
four promising Dirac feSM candidates, each representing one
isostructural family of feSM materials, which leads to a total
of 13 candidates discovered. Note that this amounts to a yield
of 8% relative to the number of DFT calculations performed.
Dirac feSM candidate Ca2Pt2Ga.— We begin by dis-
cussing the best Dirac feSM candidate we found: the inter-
metallic compound Ca2Pt2Ga, which was reported to crystal-
ize in the Ca2Ir2Si-type structure in Ref. [34] (Fig. 2a). The
crystal is base-centered monoclinic with SG 15 (C2/c). In
particular, SG 15 contains a glide and is hence nonsymmor-
phic, which is reflected in the minimum Wyckoff multiplicity
|W15a | = 2 (measured with respect to the primitive cell). The
crystal structure of Ca2Pt2Ga can be understood as a 3D net-
work formed by Ga and Pt, with interstitial space occupied
by the Ca atoms. The Pt atoms form chains running paral-
lel to the ab plane, with alternating layers of chains along the
c direction related by the glide. The Pt chains are then con-
nected by Ga atoms, each four-coordinated with the Pt atoms,
sitting midway between the layers. Each primitive unit cell
contains two formula units (Z = 2), and therefore both νF
and Z/|W15a | = 1 are odd, implying Ca2Pt2Ga is a feSM can-
didate.
To study whether or not Ca2Pt2Ga is a Dirac feSM, we per-
form non-spin-polarized electronic structure calculations us-
ing DFT within the generalized gradient approximation (PBE-
GGA),38 as implemented in VASP.39,40 We use a plane wave
cutoff of 280 eV and a k-point grid for BZ integrations of
12× 12× 8. Experimental structural data34 is used. From the
projected density of states, we find that the character of the
Ca2Pt2Ga band structure near the Fermi energy has contribu-
tions from all three atomic species (Fig. 2b). At the Fermi
energy, there is a sharp reduction of the total density of states,
suggesting Ca2Pt2Ga is semimetallic. The band structure in
the absence of SOC is shown in Fig. 2c. A continuous gap
between the conduction and valence bands is found every-
where except for the A-M branch, which exhibits symmetry-
enforced ‘band sticking’.
Thanks to the significant SOC in Pt, the undesirable line-
degeneracy is lifted when SOC is incorporated (Fig. 2d). This
gives rise to two filling-enforced Dirac points at momenta A
andM , which are at 0.16 eV and 0.01 eV above the Fermi en-
ergy respectively. Generically, a Dirac point is characterized
by a ‘tilt’ vector t and three Dirac speeds vi characterizing the
linear dispersion along three orthogonal directions. However,
symmetry constraints at the filling-enforced Dirac points A
and M forces tA,M = 0, and therefore these two Dirac points
are characterized only by the Dirac speeds, which are respec-
tively (v1, v2, vb) = (3.59, 1.19, 2.54) × 105 m/s for A and
(v1, v2, vb) = (6.22, 0.86, 0.42)×105 m/s for M. Here, v1 and
v2 are along two orthogonal directions on the ka-kc plane and
vb is along the kb direction connecting A and M (Appendix
A).
Note that the Dirac point at M is very anisotropic, and this
arises partly as a consequence of its proximity to another (TR-
related) pair of accidental Dirac points originating from the
crossing between the conduction and valence bands along the
A-M branch (Fig. 2d). The crossing, protected by a two-fold
rotation symmetry (Appendix A), corresponds to an acciden-
tal Dirac point, which is located at 0.04× 4pib = 0.1 A˚−1 away
from M and at 0.01 eV above the Fermi energy. For this Dirac
point, the tilt vector t is symmetry-pinned to lie along the kb
direction, and its magnitude is found to be 0.21×105 m/s; the
three Dirac speeds are (v1, v2, vb) = (7.74, 1.01, 0.33)× 105
m/s. We also generated band structures using the HSE hy-
brid functional.41 Our HSE calculations lead to the same con-
clusions, the same Dirac points, and similar associated en-
ergy scales comparing to those obtained with GGA-PBE (Ap-
pendix C).
These observations suggest that Ca2Pt2Ga is an interest-
ing Dirac system featuring both filling-enforced and acciden-
4tal Dirac points near the Fermi energy, where the magnitude
of their Dirac velocities are all on par with the current exper-
imental candidates. In particular, the Dirac point at A is very
isotropic, as one would expect for a filling-enforced and well-
isolated Dirac point. This can be seen from the anisotropy pa-
rameter α ≡ max{vi}/min{vi}, where i runs over the three
independent linear speeds. The values of α are 3.0, 14.8 and
23.5 for the Dirac points at A, M and on A-M respectively,
which can be contrasted with the experimentally-measured
values for Na3Bi (α = 4.4)19 and Cd3As2 (α = 4.0)22.
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FIG. 2. Filing-enforced Dirac semimetal candidate Ca2Pt2Ga.
(a) Structure of Ca2Pt2Ga, which crystalizes in space group 15
(C2/c).34,42 (b) Projected density of states indicating semimetallic
behavior. (c,d) Band structures without (c) and with (d) spin-orbit
coupling incorporated. Spin-orbit coupling lifts the line-degeneracy
and leads to two filling-enforced Dirac points at A and M near the
Fermi energy. Inset shows a close-up for the band structure near M,
where an additional accidental Dirac point is found.
Other Dirac feSM candidates.— Next, we present our re-
sults on the other Dirac feSM candidates discovered. As dis-
cussed, the 13 materials discovered fall into four isostruc-
tural families, which we tabulate in Table I (Appendix D).
Ca2Pt2Ga represents one of the families, and here we discuss
the representatives of the other three. Compared to Ca2Pt2Ga,
however, these materials either show higher tendency to mag-
netic ordering, or have smaller Dirac speeds due to a smaller
SOC lifting of band sticking.
TABLE I. Table of isostructural families of Dirac feSM candidates
discovered in the search.
SG Representative Others
14 AgF2 CuF2
14 Ca2InOsO6 Sr2InOsO6
15 Ca2Pt2Ga Ca2Pd2Ga, Ca2Pt2In, Ca2Pd2In,
Sr2Pt2In, Sr2Pd2In
74 CsHg2 KHg2, RbHg2
Similar to before, non-spin-polarized calculations were per-
formed using experimental structural data from ICSD as in-
put. First, we discuss the two families found in the centrosym-
metric monoclinic SG 14 (P21/n), represented by AgF2 and
Ca2InOsO6. As one can see from Figs. 3(a,b), energy bands
symmetric under SG 14 are four-fold degenerate at four time-
reversal invariant momenta. For the two candidates at hand,
the filling-enforced Dirac point at Z sits close to the Fermi
energy and the valence-band Dirac velocities are significant.
While the electronic band structures look promising, we cau-
tion that these candidates contain valence d-shell electrons,
and are therefore susceptible to magnetic instability.
We also perform the guided search within materials with
SG 74 (Imma), which is one of the SGs capable of hosting a
minimal Dirac feSM with only two symmetry-related filling-
enforced Dirac points.32 Among them, we identify CsHg2
as the most promising candidate, where the filling-enforced
Dirac point at T is at 0.12 eV below the Fermi energy (Fig. 3c).
However, the Dirac speed along the T-W branch almost van-
ishes, as that branch exhibits band sticking in the absence of
SOC.43
Finally, in Fig. 3d we plot the band structure for the com-
pound Sr2Pd2In, which belongs to the Ca2Pt2Ga family. Al-
though the filling-enforced Dirac points at A and M suffer
from a small SOC-lifting of band degeneracy, we found that
an accidental type-II Dirac point is located near the Fermi en-
ergy, and hence this compound serves as a promising type-II
Dirac semimetal candidate.
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FIG. 3. Band structures for additional filling-enforced Dirac
semimetal candidates. The dominant filling-enforced Dirac points
are indicated by red arrows. Note that these are results from non-
spin-polarized band structure calculations. However, the presence
of d-shell atoms in (a-b) may lead to magnetically ordered ground
states, in which case the band structures will need to be recalculated
and the filling constraints may also be modified depending on the na-
ture of symmetry lowering associated with the magnetism. (c) For
space group 74, the filling constraints can be satisfied by a mini-
mal Dirac semimetal with a pair of symmetry-related Dirac points
at T and its symmetry partner (not shown). (d) Although the filling-
enforced Dirac points at A and M have small Dirac speeds along the
A-M branch, an accidental type-II Dirac point is found to sit close to
the Fermi energy.
5Dirac-ring feSM candidate CaPtGa.— Having identified
certain materials systems as being promising feSM candi-
dates, it is natural to explore if their structurally- and/ or
chemically-related systems are also feSM candidates. In this
process, we also discovered a Dirac-ring feSM CaPtGa, which
is chemically similar to the Dirac feSM Ca2Pt2Ga but crystal-
lizes in a centrosymmetric orthorhombic structure with SG 62
(Pnma).44 The crystal structure of CaPtGa can again be un-
derstood as a 3D network of Ga and Pt atoms with Ca atoms
occupying the interstitial space (Fig. 4a). The GaPt network
can be viewed as a distorted layered structure stacked along
the a direction, where in each layer the Ga and Pt atoms form
honeycomb lattices akin to that of hexagonal boron nitride,
and the interlayer Ga-Pt bond lengths are strongly modulated
to render the structure three-dimensional.
Γ X S R T
0
1
E 
(e
V
)
0
1
E 
(e
V
)
a b
c
Pt
Ga
Ca
(a) (c)
(d)
(b)
-0.4
E 
(e
V
) -0.2
0
S
0.6
5 Å
-1 (79
%)
0.06 Å-1 (4%)ky
kz
FIG. 4. Characterization of the filing-enforced Dirac-ring
semimetal candidate CaPtGa. (a) Crystal structure of CaPtGa
in space group 62 (Pnma).42,44 (b) Energy-momentum plot of the
Dirac ring (blue). The ring lies on the ky-kz plane and encircles
point S. Gray curves show projection of the ring along the corre-
sponding direction. (c,d) Band structure without (c) and with (d)
spin-orbit coupling incorporated. Spin-orbit couping lifts band de-
generacies along X-S and S-R, leaving behind four-fold band cross-
ing corresponding to the intersection of the high-symmetry lines and
the Dirac ring (blue circles).
From a symmetry and filling perspective, CaPtGa is identi-
cal to SrIrO3, which crystalizes in the same SG. As SrIrO3 is
proposed to be a topological Dirac-ring feSM candidate,5,6,30
one would naturally expect the same for CaPtGa (Appendix
B). This is confirmed by our DFT calculations, where a
Dirac-ring is found on the plane (pi, ky, kz) encircling point
S≡ (pi, pi, 0).45 As shown in Fig. 4b, the nodal ring is elon-
gated along the kz direction, with an aspect ratio of 1 : 10.8.
However, it has a significant energy dispersion and spans an
energy range of 0.44 eV. Note that SOC is essential to the ex-
istence of the nodal ring, as the bands along S-R are eight-fold
degenerate in the absence of SOC (Fig. 4c and d).
Discussion— Using the filling criterion developed in
Ref. [30], we perform a directed search for nodal semimet-
als and identify Ca2Pt2Ga, AgF2, Ca2InOsO6, and CsHg2,
representing four different isostructural families, as good
Dirac feSM candidates. Ca2Pt2Ga is found to be particu-
larly promising, and features both filing-enforced and acci-
dental Dirac points near the Fermi energy. We also identify the
chemically-similar compound CaPtGa as a Dirac-ring feSM
candidate.
The present work suggests multiple directions for future
research. On the experimental side, it is of immense interest
to synthesize the reported materials and study their physical
properties; on the theoretical side, the search protocol can
also be applied to identify new Weyl semimetal candidates
in inversion-breaking SGs, or more generally one can hunt
for all flavors of feSMs by an exhaustive search in all SGs. It
can also be used as a guide for the design of new materials
with desired properties. Finally, the filling criterion can be
generalized to magnetic space groups and aid the search for
feSMs with broken TR symmetry.
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7Appendix A: Symmetry analysis of the Dirac points
Generically, the band dispersion about a Dirac point can be expanded to leading order as δE±δk = t·δk±
√∑3
i,j=1Aijδkiδkj ,
where Aij is a real symmetric matrix. The square root of the three eigenvalues of Aij are the Dirac speeds characterizing the
shape of the Dirac cone, and are generally independent of each other; the vector t parameterizes the ‘tilt’ of the cone, which is
generically allowed as condensed matter systems do not possess genuine Lorentz invariance.10 Here, we discuss the symmetry
constraints on the Dirac-point parameters for Ca2Pt2Ga. The corresponding analysis for the other Dirac feSM materials will be
similar.
While the existence of Dirac points at A and M can be inferred from earlier works,32,43 we perform a detailed k · p analysis
here to demonstrate how these Dirac points emerge. SG 15 is generated by the lattice translations, inversion P about the
origin, and a pi-rotation about the axis (0, y, 1/4), Ry = {Ry | (0, 0, 1/2)}. Note that the combined symmetry Gy ≡ RyP =
{my | (0, 0, 1/2)} is a glide with x-z being the mirror plane. The nonsymmorphic nature of the SG leads to additional band
degeneracy at the TR invariant momenta A ≡ (0, 0, pi) and M ≡ (0, 2pi, pi),32,43 which are both symmetric under all spatial
symmetries. (We parameterize the BZ using the coordinate system reciprocal to the conventional unit cell, with the lattice
constants suppressed, such that the reciprocal lattice vectors are Ga = 2pi(1, 1, 0), Gb = 2pi(1,−1, 0) and Gc = 2pi(0, 0, 1).)
To see this, observe that RyPR−1y P−1 = {1 | (0, 0, 1)}, which gives the phase factor e−ikz when acting on Bloch states.
As e−ikz = −1 at A and M, the two symmetries anti-commute and lead to a two-dimensional irreducible representation. In
addition, this 2D representation cannot be symmetric under TR: the doublet contains bands with opposite P eigenvalues, but
the two bands forming a Kramers pair necessarily have equal P eigenvalues as [P, T ] = 0. This leads to a four-dimensional
co-representation,32,43 which forbids Ca2Pt2Ga from being a band insulator, as it has a (total) filling of ZνF = 454 = 2 mod 4
electrons per primitive cell (including all tightly bound electrons). Note that this conclusion can also be viewed as a special
instance of the more general filling constraint developed in Ref. [30].
While having a four-fold band degeneracy is a prerequisite, to claim discovery of a Dirac point one has to further establish a
linear dispersion around the nodal point. Although this can be accomplished via purely group-theoretic methods,3,32 we provide
here an explicit argument via the construction of a k · p effective Hamiltonian. Let τµ, σµ be two sets of Pauli matrices with
µ = 0 denoting the identity. The stated symmetry representation at A and M can be realized by the four-dimensional unitary
matrices
U(Ry) = −iσ0τ2; U(P) = σ0τ3;
U(Gy) = σ0τ1; U(T ) = −i σ2τ0,
(A1)
where the anti-unitary TR symmetry is represented by U(T ) followed by complex conjugation. (For notational simplicity, we
write σµτν ≡ σµ ⊗ τν .)
The Bloch Hamiltonian about k0 = A or M can be expanded as Hk0+δk = Ek0 + h
i
µ,νσ
µτνδki + O(δk2), where hiµ,ν are
real coefficients which are generically non-zero. Symmetries, however, place constraints on their values, and one sees that the
only non-zero coefficients are hx,zj,1 for j = 1, 2, 3, and h
y
0,2. This gives the dispersion
δEk0+δk ≈ ±
√
|hxδkx + hzδkz|2 + (hy0,2δky)2, (A2)
where δk ≡ (δkx, δky, δkz) parameterizes deviation from the Dirac point k0, δEk0+δk ≡ Ek0+δk − Ek0 , hiµ,ν are real coef-
ficients, hx,z ≡ (hx,z1,1 , hx,z2,1 , hx,z3,1 ), and each band is doubly degenerate. This implies the only possible soft direction (i.e. the
dispersion scales at least as O(δk2)) is along δky = 0 and hxδkx + hzδkz = 0. As the vectors hx and hz are generically not
parallel, no soft direction is expected and this proves that A and M are indeed Dirac points protected by crystalline symmetries.
Now if one moves away from the high-symmetry point along the line A-M, the only remaining spatial symmetry is the rotation
Ry . To determine if two sets of bands can cross, one has to check whether they carry the same or different symmetry eigenvalues.
This can be read off from Eq. (A1): the two bands related by PT corresponds to the σ degrees of freedom, which have the same
eigenvalues under U(Ry). Naively, one may think that this is inconsistent with earlier classification results,18 which states that
a two-fold rotation alone cannot protect such accidental crossing. To clarify such apparent discrepancy, we study the problem in
more details below.
Consider Bloch states satisfyingRy|ψ±〉 = ±i|ψ±〉, and check that
Ry (PT |ψ±〉) =− PT Ry|ψ±〉
=− PT (±i)|ψ±〉 = ±i (PT |ψ±〉) , (A3)
and hence the doubly-degenerate PT -paired bands carry the same rotation eigenvalue, as we claimed. This implies different
sets of bands can carry different Ry eigenvalues, and when they do their crossings are symmetry-protected. Note that had
[P,Ry] = 0, the conclusion would be different as the bands could only anti-cross.18 Since the modification of the commutator
8comes from the nontrivial relative position of the inversion center and the rotation axis, even this accidental crossing owes its
existence to the nonsymmorphic nature of the SG.
Finally, the k · p effective Hamiltonian about an accidental Dirac point k′0 along the line A-M can be readily found as before.
The only non-zero coefficients are now hx,zj,1 for j = 1, 2, 3, h
x,z
0,3 , h
y
0,0, and h
y
0,2. This gives the band dispersion
δEk′0+δk ≈h
y
0,0δky ±
√
|h′xδkx + h′zδkz|2 + (hy0,2δky)2, (A4)
where h′x,z ≡ (hx,z0,3 , hx,z1,1 , hx,z2,1 , hx,z3,1 ) is now a four-component vector. This is qualitatively the same as those about A and
M, except for the new symmetry-allowed ‘tilting term’ hy0,0 giving rise to the possibility of realizing a so-called type-II Dirac
point,10 as is found in the compound Sr2Pd2In discussed in the main text. In addition, we remark that the crossing of the energy
bands along the A-M branch can be confirmed by studying the evolution of Ry eigenvalues, and we have performed this check
for Ca2Pt2Ga and SrPd2In.
Appendix B: Symmetry analysis of the Dirac-nodal ring
The existence of the nodal ring can be understood as follows: SG 62 contains an n-glide Gn ≡ {mx | (1/2, 1/2, 1/2)},
which remains as a symmetry on the plane (kx = pi, ky, kz). An energy eigenstate |ψk,±〉 on the plane can therefore be labeled
by the eigenvalue Gn|ψk,±〉 = ±ie−i(ky+kz)/2|ψk,±〉. In addition, as GnPG−1n P−1 = {1 | (1, 1, 1)}, one finds that the two
degenerate states |ψk,±〉 and PT |ψk,±〉 have the same Gn eigenvalues, and therefore two sets of band doublets carrying different
Gn eigenvalues will cross when they come close in energy, which is observed in Fig. 4d along the line S-R. In fact, such band
crossing is mandated due to a pair-switching as the momentum radiates outward from the four-fold degenerate point S to the
momentum lines U-R and U-X, both of which also demand four-dimensional co-representations along the entire line.5,6,43 This
leads to a symmetry-protected Dirac nodal ring encircling S.
Appendix C: Robustness of the Dirac features in Ca2Pt2Ga
To test whether all of the key feature of the Dirac points survive regardless of the methods of the ab initio calculation, we
also computed its band structure using the HSE hybrid functional method. We used 0.2 for the range-separation parameter in
range separated hybrid functionals and a k-point grid of 5 × 5 × 3 for BZ integrations, due to the expensive cost of the hybrid
functional HSE calculation. The band structure is shown in Fig. 5, from which we observed the same two filling enforced Dirac
points and the accidental Dirac points. We notice that the filling enforced Dirac point at M and the accidental Dirac points are
more anisotropic in this calculation.
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FIG. 5. Band structure of Ca2Pt2Ga computed using the HSE hybrid functional method.
Appendix D: Additional Dirac feSM candidates
In Table I we tabulated the 13 Dirac feSM candidates found in the four isostructural families. The band structures for five of
them are discussed in the main text; in Fig. 6 we present the results on the remaining ones.
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FIG. 6. Additional band structures for materials in the four isostructural families of Dirac feSMs. (a-d) Materials in the Ca2Pt2Ga family in
SG 15 (C2/c). (e, f) Materials in the AgF2 and Ca2InOsO6 families respectively, which are both in SG 14 (P21/n). (g-h) Materials in the
CsHg2 family in SG 74 (Imma).
